G HRELIN, THE RECENTLY identified endogenous li-
gand of the GH secretagogue receptor, is a 28-amino acid peptide with an essential n-octanoylation at serine 3 residue (1, 2). Ghrelin was originally isolated from the stomach, which is by far the major source of systemic ghrelin, accounting for at least two thirds of its plasma levels (1) (2) (3) (4) . Nonetheless, ghrelin has also been detected in a large number of tissues and cell types, including small intestine, pancreas, lymphocytes, placenta, kidney, lung, pituitary, brain, and gonads (3) (4) (5) (6) . Apart from its proven ability to elicit GH secretion, a major interest in this peptide derived from the fact that it is involved in the regulation of energy balance by inducing food intake and reducing fat utilization (3, 7) . These activities are probably mediated by a complex cellular network at the central nervous system, which is under the control of additional peripheral hormones, such as the adipocyte-derived hormone leptin (3) . In this context, ghrelin analogs, with agonistic or antagonistic activity, have appeared as a suitable approach for therapeutic intervention in a variety of disease states linked to alterations in body weight homeostasis. Moreover, on the basis of its diverse biological actions, the (chronic) use of ghrelin has been recently postulated as a potential therapeutic strategy in different pathological conditions, such as cancer cachexia (anabolic agent) (8) , severe chronic heart failure (improvement of left ventricular function) (9) , and diverse proinflammatory states (inhibitor of cytokine production) (10) . In this scenario, complete characterization of the biological effects of repeated administration of ghrelin has become mandatory.
Compelling evidence has demonstrated the close connection between the systems governing energy homeostasis and reproductive function (11) . Although the signals and molecular mechanisms responsible for the concerted control of energy stores and reproduction remain to be fully elucidated, leptin has been recently proven to be a key neuroendocrine integrator in such biological function (11, 12) . Thus, threshold leptin levels, as peripheral signal for sufficient energy stores, are absolutely essential for normal pubertal development and fertility, whereas disturbance of reproductive function is observed in human and animal models of leptin insufficiency (11) (12) (13) . The mechanisms by which leptin regulates fertility probably involve actions at different levels of the gonadotropic axis, the hypothalamus being the primary target for the reproductive actions of leptin (11, 12) . Conceivably, other neuroendocrine integrators with key roles in body weight homeostasis would interact with leptin in the integrated control of energy balance and reproduction.
Despite the proposed role of ghrelin in body weight homeostasis as peripheral signal for energy insufficiency (14) , Endocrinology is published monthly by The Endocrine Society (http:// www.endo-society.org), the foremost professional society serving the endocrine community.
its contribution to the control of reproductive functions has received limited attention to date. Nonetheless, fragmentary data strongly suggest the potential involvement of ghrelin in regulation of the reproductive axis. Thus, expression of ghrelin has been demonstrated in human and rodent placenta, and ghrelin has been reported to inhibit early embryo development in vitro (6, 15) . In addition, ghrelin was shown to suppress LH secretion in vivo and to decrease LH responsiveness to LHRH in vitro (16, 17) . Moreover, expression of ghrelin and its cognate receptor has been demonstrated in rat and human gonads (6), ghrelin was reported to inhibit stimulated testicular testosterone (T) secretion (18) , and acquisition of ghrelin expression by Leydig cells has been suggested to play an important role in the control of proliferation of this cell type (19) . However, the functional analyses conducted to date have been mostly restricted to acute administration of the peptide and assessment of hormonal responses, whereas the developmental or reproductive effects of continuous administration of ghrelin have been scarcely studied (20) . In the present work we aimed at evaluating the effects of chronic administration of ghrelin on two relevant reproductive states, namely, puberty and gestation, which have been proven to be extraordinarily sensitive to appropriate energy stores (14) . To this end, daily sc administration of ghrelin was conducted in (pre)pubertal male and female rats as well as in pregnant rats during the first half of gestation. In all settings, ghrelin-treated rats were pair-fed with control animals to minimize the potential bias of differences in body weight on key reproductive parameters, such as conventional indexes of puberty onset (21) .
Materials and Methods

Experimental design
Wistar rats bred in the vivarium of University of Cordoba were used. The day the litters were born was considered d 1 of age. The animals were maintained under constant conditions of light (14 h of light, from 0700 h) and temperature (22 C) and were weaned at 21 d of age in groups of five rats per cage with free access to pelleted food and tap water until initiation of the experimental procedures, when the animals were individually caged, and the access to chow was paired between control and treated animals (see below). Experimental procedures were approved by the Cordoba University ethical committee for animal experimentation and were conducted in accordance with the European Union normative for care and use of experimental animals. Rat ghrelin, with n-octanoyl modification at Ser 3 , was obtained from Bachem AG (Bubendorf, Switzerland).
To monitor the effects of ghrelin on puberty onset and pregnancy outcome, a general protocol of sc injection of ghrelin (0.5 nmol/100 l saline), twice a day (at 0900 and 1900 h), was used, and different end points were recorded depending on the experimental setting. In all experiments, special efforts were made to minimize the potential bias of major differences in body weight on the different reproductive end points under analysis. Thus, ghrelin-treated rats were pair-fed with control animals. To this end, daily food intake was recorded in reference control animals (pubertal male and female rats as well as pregnant animals), and an equal fixed amount of standard chow was daily provided to control and ghrelin-treated animals. Likewise, to prevent the impact of differences in grouping of the animals on sensitive reproductive parameters, such as puberty onset, control and ghrelin-treated animals were individually caged at the beginning of the experimental procedures, in keeping with our previous studies (22) .
In experiment 1, pubertal male rats (n ϭ 12/group) were sc injected with ghrelin (0.5 nmol/12 h) or vehicle (physiological saline) between postnatal d 33 and 43. This period was selected on the basis of previous studies of the normal timing of puberty in the male rat (23) and local data on the occurrence of balanopreputial separation (BPS) in our animal stock. In all experimental animals, body weights were monitored daily, and the occurrence of BPS, defined as complete separation of prepuce from gland penis (balano), was recorded. The animals were sc injected under conscious conditions after careful handling to avoid any stressful influence and were humanely killed by decapitation on d 43, 1 h after the last injection of ghrelin, at which time trunk blood was collected. Additional blood samples were obtained by jugular venipuncture under light ether anesthesia on d 33 and 41, 1 h after sc injection of ghrelin or vehicle.
In addition, in experiment 2, daily sc administration of ghrelin (0.5 nmol/12 h) or vehicle was performed in pubertal female rats (n ϭ 12/group) between postnatal d 23 and 33. This period was selected on the basis of previous references on the normal timing of puberty in the female rat (23) , and local data on the occurrence of vaginal opening (VO) in our animal stock. In all experimental animals, body weights were daily monitored, and the ages of occurrence of VO, defined by the complete canalization of the vagina, and of first estrus were recorded. The animals were sc injected under conscious conditions after careful handling to avoid any stressful influence. Blood samples were obtained by jugular venipuncture under light ether anesthesia on d 25, 28, and 31, 1 h after sc injection of ghrelin or vehicle. Additional blood sampling was carried out on the day of VO. Thereafter, estrous cyclicity and fertility were monitored in ghrelin-and vehicle-treated rats by daily vaginal cytology, and mating with adult male rats of proven fertility and recording of percentage of successful pregnancies, respectively.
Finally, in experiment 3, pregnant females (n ϭ 12/group) were sc injected with ghrelin (0.5 nmol/12 h) or vehicle (physiological saline), between d 1 and 11 of pregnancy. This period was specifically selected to target early events in gestation, in line with a previous study of the effects of ghrelin on development of mouse preimplantation embryos in vitro (15) . For timing of pregnancy, on the afternoon of proestrus cycling female rats were placed in individual cages with adult males of proven fertility. In the morning of the following day, vaginal smears were collected, and the presence of spermatozoa was checked; animals showing spermatozoa at vaginal smears were considered at d 1 of pregnancy and were included for daily injection of ghrelin or vehicle. Pregnant rats were sc injected under conscious conditions after careful handling to avoid any stressful influence. In all experimental animals, body weights were monitored daily throughout gestation. Pregnancy outcome was recorded by the percentage of successful pregnancies at term and the number of pups per litter at birth. In addition, sex ratio was calculated, and body weight of litters was monitored up to weaning (postnatal d 21).
Hormone measurement by specific RIAs
Serum levels of LH and FSH were measured in a volume of 25-50 l using a double-antibody method and RIA kits supplied by the National Institutes of Health (Dr. A. F. Parlow, National Institute of Diabetes and Digestive and Kidney Diseases, National Hormone and Peptide Program, Torrance, CA). Rat LH-I-9 and FSH-I-9 were labeled with 125 I by the chloramine-T method, and hormone concentrations were expressed using the reference preparations LH-RP-3 and FSH-RP-2 as standards. Intra-and interassay coefficients of variation were 8% and 10%, respectively, for LH and 6% and 9%, respectively, for FSH. The sensitivity of the assays was 5 pg/tube for LH and 20 pg/tube for FSH. In addition, in selected experimental groups, serum ghrelin and GH levels were assayed. For ghrelin measurements, a commercially available RIA kit from Phoenix Pharmaceuticals (Belmont, CA), with an assay sensitivity of 1 pg/tube, was used for determination of total ghrelin levels. Serum GH levels were measured by a double-antibody RIA, using kits provided by the National Institutes of Health. Rat GH-I-7 was labeled as described above, and hormone concentrations were expressed using reference preparation GH-RP-2. Intra-and interassay coefficients of variation were 6% and 9%, respectively, and the sensitivity of the assay was 5 pg/tube. Finally, where indicated, serum T and estradiol levels were determined using commercial kits from MP Biomedicals (Costa Mesa, CA), following the instructions of the manufacturer. The sensitivities of the assay were 0.1 and 0.5 ng/tube for T and estradiol, respectively. The intraassay coefficients of variation were less than 5%. The accuracy of hormone determinations was confirmed by assessment of rat serum samples of known hormone concentrations used as external controls.
Presentation of data and statistics
Serum LH, FSH, GH, ghrelin, T, and estradiol determinations were conducted in duplicate, with a minimum total number of 10 samples/ determinations/group. Hormonal data are presented as the mean Ϯ sem. Results were analyzed for statistically significant differences using Student's t test or ANOVA, followed by Student-NewmanKeuls multiple range test (SigmaStat 2.0, Jandel Corp., San Rafael, CA).
2 evaluation was used for statistical comparison of data for percentages of BPS and successful pregnancy. P Յ 0.05 was considered significant.
Results
Effects of chronic administration of ghrelin on puberty onset in the male rat
The effects of ghrelin on male puberty onset were assessed by daily sc injection of the peptide (at 0.5 nmol/12 h) between postnatal d 33 and 43 and recording of body weight, hormonal responses, and BPS occurrence. Cumulative body weight gain (data not shown) and total body weights were not significantly different between controls and pair-fed ghrelin-injected males (Fig. 1A) . Serum LH and T levels in control animals significantly increased throughout the study period (between d 33 and 43), in line with previous findings (24), whereas serum FSH levels remained unaltered. The age of occurrence of BPS in controls rats was 42.2 Ϯ 0.4 d, and 100% of animals (12 of 12) presented complete preputial separation on d 43. In pair-fed animals, chronic treatment with ghrelin did not modify serum FSH levels. In contrast, sc injection of ghrelin partially prevented the age-dependent increase in serum LH levels: a moderate decrease, which was shortly below the limit of statistical significance, was detected on d 41, whereas a significant inhibition was observed on d 43 in ghrelin-treated animals. In addition, daily injection of ghrelin significantly lowered serum T levels during the study period and partially blunted the age-dependent rise in T concentrations (Fig. 1, B-D) . In keeping with these findings, chronic administration of ghrelin partially prevented the normal occurrence of BPS; complete preputial separation was detected in only 58.5% (seven of 12) of the ghrelintreated animals on d 43 (Fig. 1E) . As a control for the validity of the experimental model and the dose of ghrelin used, at this age point, exogenous administration of 0.5 nmol ghrelin was able to induce a significant 2.4-fold increase in serum levels of total ghrelin 1 h after injection (Fig. 1F) . Such a response was associated with a moderate, but significant, elevation in basal serum GH levels (1.95 Ϯ 0.217 vs. 0.997 Ϯ 0.216 ng/ml in vehicle-injected animals), in keeping with previous findings (25) .
Effects of chronic administration of ghrelin on puberty onset in the female rat
The effects of ghrelin on female puberty onset were assessed by daily sc injection of the peptide (at 0.5 nmol/12 h) between postnatal d 23 and 33, and recording of body weight, hormonal responses, and occurrence of VO and first estrus. In addition, estrous cyclicity and fertility were subsequently monitored in adult females treated with ghrelin at puberty. Cumulative body weight gain (data not shown) and total body weights were not significantly different between controls and pair-fed, ghrelin-injected females ( Fig. 2A) . Serum LH and estradiol levels in control animals significantly increased during the study period (between d 23 and 33), as previously described (23), whereas serum FSH levels remained unaltered. The age of occurrence of VO in controls rats was 34.4 Ϯ 0.6 d, and first estrus was observed at a mean age of 35.6 Ϯ 1.0 d. In pair-fed animals, chronic treatment with ghrelin did not change serum FSH levels. Likewise, sc injection of ghrelin failed to substantially modify the agedependent increase in serum LH levels, except for a decrease in LH concentrations at the age of VO, nor did it alter serum estradiol concentrations during the study period (Fig. 2,  B-D) . In line with these observations, chronic administration of ghrelin did not change the age of occurrence of VO and first estrus (Fig. 2E) . Similarly, female rats chronically treated with ghrelin during puberty subsequently displayed normal estrous cyclicity and were fertile: 92% (11 of 12) of ghrelintreated females become pregnant upon mating with males of proven fertility, a percentage similar to that in vehicle-treated animals. Nonetheless, evidence for the validity of the experimental model and the dose of ghrelin used comes from the observation that on postnatal d 31, exogenous administration of 0.5 nmol ghrelin was able to induce a significant 2.6-fold increase in serum levels of total ghrelin 1 h after injection (Fig.  2F) . As was the case in males, such a response was associated with a moderate, but significant, elevation of basal serum GH levels (1.332 Ϯ 0.116 vs. 0.726 Ϯ 0.043 ng/ml in vehicleinjected animals).
Effects of chronic administration of ghrelin on pregnancy outcome in the rat
Finally, the effects of ghrelin on pregnancy onset were assessed by daily sc injection of the peptide (at 0.5 nmol/12 h) to pregnant dams between d 1 and 11 of gestation. Cumulative body weight gain (data not shown) and total body weights were not significantly different between controls and pair-fed, ghrelin-injected pregnant females (Fig. 3A) . Likewise, the percentage of successful pregnancies at term and gestational length were similar between the experimental groups (data not shown). On the contrary, the number of pups born per litter was significantly lower in ghrelin-treated dams, with a male/female ratio of 1.33 vs. 1.25 in vehicleinjected animals (Fig. 3B) . After adjustment of litter size (10 pups/mother), daily recording of body weight demonstrated that pups from mothers treated with ghrelin during the first half of pregnancy showed higher body weight values than those of vehicle-treated dams from birth to weaning (Fig. 3C) .
Discussion
Expression and/or actions of ghrelin have been recently demonstrated at different levels of the hypothalamic-pituitary-gonadal axis (6, 17, 18 ). Yet the actual role of ghrelin in the integrated control of energy homeostasis and reproduction remains largely unexplored. Moreover, despite extensive efforts in characterization of the biological roles of ghrelin, only a limited number of studies analyzing the effects of continuous, rather than acute, administration of the peptide have been reported to date, and these have mostly focused on analysis of its metabolic and orexigenic actions (7, 25, 26) . In the present study we evaluated the effects of elevated ghrelin levels on two relevant reproductive states, puberty and gestation, by recording suitable hormonal and phenotypic biomarkers. Considering the expected orexigenic and adipogenic effects of ghrelin treatment (7, 26) , special attention was paid to avoid the potential bias of changes in body weight between the experimental groups. Thus, ghrelin-treated rats were pair-fed with control animals, a protocol that resulted in similar body weights among treatments, in keeping with previous studies (27) . In addition, the dose of ghrelin selected (0.5 nmol/12 h) was sufficient to produce endocrine responses (28, 29) , but is within the limit of induction of overt hyperphagia in rats (26) . Indeed, a significant elevation (2.4-to 2.6-fold increase) of total ghrelin levels was demonstrated after systemic injection of 0.5 nmol of the peptide in our experimental groups, whose magnitude was in the range of that induced by fasting (26) . Such elevation was associated with a modest, but significant, increase in serum GH levels, which might be regarded as sentinel for the endocrine activity of exogenously administered ghrelin. Overall, it was assumed that the reproductive effects observed after its repeated administration were primarily due to elevated ghrelin levels and were not secondary to changes in body weight induced by the orexigenic hormone.
Under the above experimental conditions, daily sc administration of ghrelin to prepubertal males induced a significant decrease in serum T levels during the study period, which was associated with normal to decreased serum LH levels. In good agreement, normal occurrence of preputial separation (as an external index of puberty) (30) was prevented on d 43 in more than 40% of treated males. The mechanisms for such an effect might involve inhibition of LH secretion at the hypothalamic-pituitary unit and/or direct inhibitory effects on testicular T secretion. Indeed, suppression of serum LH levels has been reported in prepubertal male rats after central injection of ghrelin (17) . Likewise, ghrelin has been proven to be an inhibitory signal for stimulated testicular T secretion in vitro (18) . Although the two mechanisms are not mutually exclusive, the fact that T levels were significantly lower in ghrelin-treated animals at all ages tested strongly suggests a major contribution of direct inhibitory effects of ghrelin on the prepubertal testis. These might include disturbance of adult-type Leydig cell development, because ghrelin has been recently proven to inhibit the proliferative activity of immature Leydig cells in the pubertal testis (19) . Nevertheless, the net end point for the above hormonal responses is the partial disruption of the normal timing of puberty (as estimated by age at BPS). Together, these data strongly suggest that elevated ghrelin levels might be detrimental for normal puberty onset in the male. Considering that circulating ghrelin levels are negatively correlated to body mass index, and the proposed role of ghrelin as a signal for energy insufficiency (14) , it is tempting to propose that ghrelin per se might operate as a negative modifier of male puberty, and it might contribute to suppression of the male reproductive axis in situations of negative energy balance, such as starvation (31) .
In contrast with data obtained in males, chronic treatment of prepubertal females with ghrelin failed to induce major hormonal changes in LH, FSH, and estradiol secretion (except for a decrease in serum LH levels at the age of VO), nor did it alter the age of occurrence of VO and first estrus, taken as putative indices of puberty onset in the female (23) . Moreover, females treated with ghrelin at puberty subsequently displayed normal estrous cyclicity and were fertile. Interestingly, despite the proposed role of ghrelin as a signal for energy insufficiency (14) , chronic ghrelin treatment from birth to puberty has been previously reported to advance the age of VO in immature females (20) . Such a discrepancy might be related to the fact that in the previous study, doses of 1.0 -1.5 nmol ghrelin were daily injected between postnatal d 1 to the day of VO, and the animals were not pair-fed with controls (20) . Because we aimed at targeting the specific effects of ghrelin on female puberty, for the present study we selected a protocol of daily treatment from d 23 (beginning of the prepubertal period) to d 33 (around VO). Overall, although we cannot exclude the possibility that higher doses of ghrelin may bring about deleterious effects similar to those observed in males, our data clearly show that male puberty is more sensitive than female puberty to the potential adverse effects of ghrelin. Similarly, prepubertal females were recently proven less sensitive than males to the inhibitory effects of centrally administered ghrelin on serum LH levels in models of acute administration of the peptide (17) . It is noticeable, however, that female puberty in mammals is dramatically sensitive to insufficient energy stores, a phenomenon that is mainly signaled by the adipocyte hormone leptin (11, 13) . In contrast, male puberty is less responsive to low leptin levels (11, 12) , but is apparently more sensitive to high ghrelin levels (our present results). Taken together, our current data are strongly suggestive of a differential contribution of ghrelin and leptin in signaling the energy status to the reproductive axis at puberty between male and female rats.
In addition to its effects at puberty, the impact of chronic ghrelin treatment during the first half of gestation was monitored. A protocol of administration between d 1 to 11 of pregnancy was selected to specifically target, using an in vivo model, the actions of ghrelin during early stages of gestation. In our setting, daily administration of ghrelin did not alter the percentage of successful pregnancies at term or the gestational length, but it significantly decreased pregnancy outcome, as estimated by the number of pups born per litter. Although the precise mechanisms for such an effect were not directly addressed, a tempting possibility is that elevated ghrelin levels might be deleterious for early embryonic developmental events. In this sense, ghrelin has been recently reported to inhibit the development of mouse preimplantation embryos in vitro (15) . In this context, the reduction in litter size after chronic ghrelin treatment reported herein reinforces the hypothesis that ghrelin may operate as a signal for energy insufficiency during early stages of gestation, acting as an inhibitory factor in early embryo development to avoid the excessive metabolic drain linked to pregnancy and lactation in situations of malnutrition (15) . An interesting observation, however, is that pups from dams treated with ghrelin during the first half of pregnancy showed persistently higher body weight than their corresponding controls from birth to weaning, despite normalization of litter size. This finding is in keeping with a previous report that ghrelin administration in late pregnancy similarly induced an increase in body weight at birth (20) . The functional relevance of such a phenomenon awaits further investigation.
Notably, we focused our study on analysis of the reproductive effects of repeated administration of octanoylated (acylated) ghrelin, classically regarded as the active form of the molecule (1-4) . However, despite the original contention that acylation at serine 3 is absolutely essential for ghrelin to conduct its biological effects (1, 2), a wealth of evidence has very recently emerged pointing out that unacylated ghrelin, whose concentration in plasma and half-life largely exceed those of mature ghrelin, is not merely an inert form of the molecule, but is provided with some specific biological actions (3, 4) . Moreover, it has been recently reported that the injection of acylated ghrelin elicits a secretory burst of unacylated ghrelin, which might modulate its own biological effects in specific systems (32) . Overall, these observations warrant additional studies involving comparative analyses of the reproductive effects of repeated administration of unacylated ghrelin, alone or in combination with the acylated peptide.
Energy homeostasis is maintained by the complex interplay of orexigenic and anorexigenic signals, a network where reciprocal roles of leptin and ghrelin, as signals for energy abundance and insufficiency, respectively, have been proposed (14) . On the basis of present and previous data, it is tempting to hypothesize that a similar interplay might operate for the neuroendocrine integration of energy balance and reproductive function. Yet the mechanisms for such a phenomenon (including the possibility that the reproductive effects of ghrelin might be at least partially mediated by changes in leptin levels and/or signaling) remain to be elucidated. Nonetheless, the reproductive relevance of leptin and ghrelin is probably different, as evidenced by genetic models of leptin and ghrelin insufficiency. Thus, in contrast to leptin-deficient animals, mice bearing null mutations of ghrelin and its receptor do not show major reproductive defects (33, 34 ). An interesting possibility, however, is that although the lack of leptin (as signal for energy abundance) is clearly detrimental for fertility, the absence of ghrelin may not be as deleterious for reproductive function as its overexpression (which is observed in situations of energy deficit). Our current data are in keeping with such a hypothesis and strongly suggest that persistently elevated ghrelin levels, as a putative signal for energy insufficiency, may operate as a negative modifier of key reproductive states, such as pregnancy and (male) puberty onset. Overall, it is proposed that ghrelin may cooperate with other regulatory signals in the integrated control of energy balance and reproduction.
